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Abstract
Phosphorus, iron oxides, and dissolved organic matter (DOM) are components present in all aquatic
systems. Excess amounts of phosphorus in aquatic systems have the potential for toxic effects, in
particular, contributing to eutrophication. Most of the previous studies performed looked at surface
complexation of inorganic phosphate anions (P) to mineral surfaces such as hydrous ferric oxide (HFO).
However, the role of DOM on the interactions between HFO and P is unknown. This study investigates
the influence of DOM on surface complexation of P onto HFO surfaces. Moreover, this study looks at the
possibility of cation bridging formation (Ca2+, Mg2+) between HFO, P, and DOM. In laboratory
experiments, iron salts were added to several synthetic waters containing different electrolytes
concentrations, P, and DOM. During these experiments, P removal was measured as a function of DOM
concentrations, DOM sources, pH, and Fe: P molar ratio. The dissolved organic model compounds were
collected from various sites and characterized using fluorescence excitation-emission and total organic
carbon (TOC) measurement. The results indicated that DOM sources that contain more proteinaceous
materials enhanced P adsorption into HFO. These sources show a potential of direct binding between P
and DOM on HFO surface. Also, the adsorption of P improved in the presence of higher concentrations
of Ca2+ and Mg2+. This work demonstrates that, for the conditions studied, organic matter does not tend
to inhibit phosphate adsorption to HFO, although the specific mechanism of interaction may be different
in the presence of organic matter and may include bridge bonding arrangements.
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1. Introduction
Phosphorus is one of the most widespread elements on earth, as it is ranked eleventh among the
most abundant elements (Le Corre et al., 2009). Also, phosphorus is one of the essential components in
human, animal, and plant life (Scholz et al., 2013). It is mainly involved in the synthesis of DNA
(deoxyribonucleic acid), and it is a necessary element of ATP (adenosine triphosphate). It is often used in
fertilizers, detergents, and pesticides (Le Corre et al., 2009).
As a nutrient, phosphorus makes a significant contribution to agriculture and global food
production. In 2005, the production of phosphorous was about 148 million tons per year (Gunther,
2005), and most of the global demand for phosphorous was as a chemical fertilizer (Daneshgar et al.,
2018).
Phosphate rock, which is the current main source of phosphorous, is considered a limited and nonrenewable resource (Scholz et al., 2013). If the rate of P production continues to the current per capita
production rate, phosphorus reserves can last until 2315 (Daneshgar et al., 2018). On the other hand, if
there is population growth, the P reserves will only continue until 2170 (Daneshgar et al., 2018).
Moreover, fertilizer producers have realized that there is a decrease in phosphorus reserve quality with
an associated increase in the extraction costs (EcoSanRes, 2003).
P is transferred into the freshwater by point sources and non-point sources. These point sources
include wastewater treatment plants and industrial dischargers. Wastewater treatment plants and
industrial wastes are examples of phosphorus point sources. The non-point sources include the runoff
from agricultural lands. According to Neal et al (2010), wastewater effluents and agricultural runoff are
the main origins of phosphorus in rivers. Furthermore, excess phosphorus that flows into the
environment is considered a pollutant because it leads to eutrophication, and thus has a potential toxic
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effect on aquatic systems (Ye et al., 2014). Eutrophication is defined as nutrient fortification in surface
water, which produces large quantities of algae. It leads to green water in lakes, rivers, reservoirs, and
coasts. When the algae die, it is decomposed by bacteria, and oxygen is consumed. Depleted dissolved
oxygen could be a sufficient cause of fish death, as well as some algae produce compounds that
contribute to fish poisoning (e.g., so-called harmful algal blooms). Excess amounts of phosphorus
contribute to degradation of the environment and require regulatory limits (Blackall et al., 2002). Reving
phosphorus from wastewater effluent is a good strategy to reduce eutrophication, and if this removed
phosphorus could be recovered, this would offset phosphorus mining requirements, and extend the
lifetime of global phosphorus reserves.
Technologies currently exist to remove phosphorus during wastewater treatment (Morse et al.,
1998), but there are comparably fewer phosphorus recovery technologies (Morse et al., 1998). A
common method to remove phosphorus during wastewater treatment is so-called chemically mediated
phosphorus removal (Morse et al., 1998). In this method ferric or aluminum salts are added to the
wastewater and phosphorus (as phosphate) will associate with the precipitated solids (see section 1.3.2
below). This is mature technology, but only with the last decade or so has the mechanism for removal
been elucidated, i.e., by phosphate association with the precipitated hydrous metal oxide solids (Smith
et al, 2008). Even now we do not fully know how organic matter may impact this removal process
(Smith et al. (2008) experiments were done in absence of organic matter). Organic matter could
decrease removal of phosphorus, as the organic acids could occupy surface sites on the precipitated
mineral surface. Alternatively, organic matter may associate with phosphate via ternary linkages with
calcium and magnesium cations present in the wastewater (Audette et al., 2020). This current project
tests what role organic matter plays in enhancing or decreasing phosphorus interactions with solid iron
oxy-hydroxide surfaces. This will have implications to understanding phosphorus dynamics in surface
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waters, as well as potentially in wastewater treatment plants undergoing phosphorus removal or
recovery using chemical methods.
In the sections below background is given on phosphorus speciation (section 1.2), as well as
wastewater treatment (1.3 both biological 1.3.1 and chemical 1.3.2 treatment methods), the chemicals
involved (iron salts (1.4), organic matter (1.6), hardness ions (1.7)) and phosphorus removal factors (1.5)
and recovery (1.8). An overview of phosphorus cycling in surface waters, including interactions with
mineral oxides is presented in section 1.9. Finally, the overall objectives of this thesis, and the testable
hypothesis are presented in section 1.10.

1.2 Phosphorus in Wastewater
Many phosphorus species are found in surface waters as well as in wastewater. Raw sewage
includes phosphorus from several sources such as human excreta, municipal and industrial refuse
(Alexander & Stevens, 1976). The total phosphorous in wastewater typically ranges from 5 to 20 mg P
per liter (WEF, 2011). Generally, phosphorus can be divided into two main forms, which are (1)
particulate, the phosphorus retained on 0.45 µm membrane filters or (2) dissolved phosphorus, the
phosphorus that can pass through a 0.45 µm membrane filter (Maher & Woo, 1998). These phosphorus
compounds are classified into reactive and non-reactive based on their reactivity to chemical analyses
(Venkiteshwaran et al, 2018). The chemical analysis involves adding colour forming reagents and
measuring the absorbance of the coloured solution, where absorbance is directly proportional to
concentration of phosphate. The reactive P is known as inorganic P and orthophosphate, while the nonreactive P is known as condensed or acid hydrolysable phosphorus (AHP) or organic phosphorus (OP)
(Venkiteshwaran et al, 2018). Orthophosphates can exist as protonated and deprotonated forms of
phosphoric acid (i.e., H3PO4, H2PO4-, HPO4-2 or PO4-3) depending on the pH. In circumneutral water,
H2PO4- and HPO42- are the dominant forms (Maurer& Boller, 1999). The particulate phosphorus could be
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a part of the solid mass or could be adsorbed on the surface of metal oxides (Venkiteshwaran et al,
2018, see section 1.3.2 below). Also, the particulate forms include phosphorus in minerals such as
apatite (Ca10(PO4)6(OH,F,Cl)2). Figure 1 shows the different phosphorus forms in wastewater.
Reactive phosphorus will change blue in the standard ascorbic acid phosphate assay, where nonreactive phosphorus species will not. See Smith (2015) for a full description of phosphorus speciation
analysis in wastewater. To determine the non-reactive phosphorus speciation (i.e., the acid-hyrolyzable
and organic fractions mentioned above) sequential oxidations are done, with the ultimate oxidation
performed using persulphate to fully digest the sample and convert all the phosphorus to
orthophosphate for detection using ascorbic acid colorimetry. To determine total phosphorus, as
opposed to phosphorus speciation, inductively coupled plasma optical emission (or mass) spectroscopy
can be used (see section 2.7.1).

Figure 1: Forms of phosphorus in wastewater (Maher& Woo, 1998). The soluble forms can pass through 0.45 µm membrane
filter.

4

1.3 Wastewater Treatment Plants
As detailed in the Introduction (Section 1), it is important to remove phosphorus during wastewater
treatment, to avoid negative impacts, such as eutrophication, in the receiving waters. In wastewater
treatment systems, two main strategies are employed to removing phosphorus from wastewater sludge.
These strategies include biological processes, which are called (1) enhanced biological phosphorus
removal (EBPR), and (2) chemical processes (Blackall et al., 2002).

1.3.1

Enhanced Biological Phosphorus Removal

Phosphorus is mainly removed by a group of microorganisms known as the polyphosphate
accumulating organisms (PAOs). These microorganisms accumulate phosphates as polyphosphates
within their cells, and phosphorus is removed from the aqueous phase by trapping it in the PAO cell in
the activated sewage sludge. Biologically, phosphorus can be removed from sewage water in the
activated sludge reactors through the integration of the anaerobic stage preceding the aerobic stage
(Zilles, 2002). (Blackall et al., 2002). In the anaerobic stage, a certain number of organic compounds are
retained by the PAOs and organized as volatile fatty acids, named polyhydroxy alkanoates (PHA) (WEF,
2011). While during the aerobic stage, there is no competition for external food and the PAOs
metabolize the internally stored PHA (WEF, 2011). The oxidation of PHA produces energy that is utilized
to import the released phosphorus during the anaerobic stage, and also import phosphorus present in
the influent (WEF, 2011). In this way phosphorus is stored in the wastewater sludge. Phosphorus
recovery is possible by lysing the cells and converting the released phosphorus into fertilizer mineral
such as struvite or calcium phosphate (Tomei et al., 2020).

1.3.2

Chemical Phosphorus Removal

Chemical P removal is accomplished by adding chemicals, such as ferric or aluminum salts, and
precipitating, or co-precipitating, phosphates from wastewater. Chemical phosphorus-based methods
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can remove up to 90% of all influent P (Thistleton et al. 2002). The main principle of phosphorus removal
is based on transformation of soluble P into particles and then produce chemical precipitates that can
be removed from the water using solid-liquid separation process such as sedimentation, filtration, and
membrane separation (WEF, 2011). Almost 97% of Ontario wastewater treatment plants are chemical
plants, with the remainder using biological removal of phosphorus.
During the chemical process, coagulants are dosed to several stages such as primary treatments,
secondary treatments, or in the aeration tank. In the primary treatment, a metal salt is injected before
the first sedimentation removing P from the primary sludge (Morse et al., 1998). Then, phosphate is
removed in secondary sludge when the substance is injected immediately to the aeration tank
containing activated sludge process in the secondary treatment (Morse et al., 1998). Figure 2 shows
chemical P removal stages. In chemical precipitation, precipitates of low-soluble phosphate are formed
by adding polyvalent metal ions salts (Thistleton, Berry, Pearce, & Parsons, 2002). There are 3 main
kinds of precipitates used to remove phosphorous chemically, which are iron II, iron III, aluminum, and
sometimes calcium can be used (Thistleton et al., 2002). Because of their ability to form precipitates
easily and in short time, salts of Al3+, Fe2+ and Fe3+ are the most frequently used in wastewater
treatment. The exact chemical used at a given treatment plant often depends on financial
considerations of chemical costs. The different compositions of wastewater, as well as different forms of
phosphorus, make the process of removing phosphorus from wastewater a complex process (Omoike &
Vanloon, 1999).
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Figure 2: Chemical Precipitation (Recreated from (Morse et al., 1998)). This is just one example lay out. There are other “dosing
points” that are possible, and not all treatment plants would utilize multiple points.

1.4 Iron Salts
Ferric chloride (FeCl3) or ferric sulfate (Fe2(SO4)3) are used as a source of ferric ions (WEF, 2011). The
addition of iron salts to the water leads to the interaction of the metal ions with the water molecules,
and thus hydrolysis products are produced (Thistleton et al., 2002). When the hydrolysis product
becomes close to the orthophosphate, there will be a precipitation reaction (Thistleton et al., 2002), or
phosphate can bind to the surface of precipitated oxy-hyroxide minerals (Smith et al. 2008). When
adding iron (III) salts to the water in the presence of orthophosphates it may produce simple crystals of
Fe(PO4)•2H2O, which is called strengite, or the phosphate might form surface complexes with hydrous
ferric oxide (HFO), which will precipitate as the acidic ferric salt is neutralized by alkalinity in the
wastewater (Smith et al., 2008). The formation of strengite depends on the pH and will only form if the
pH that is lower than 5, otherwise surface complexation of phosphate is more likely (Smith et al., 2008).
Within pH ranges from 6 to 8, the dominated removal mechanisms are 1) coprecipitation of PO4
concurrently with HFO formation or 2) adsorption of PO4 into preformed HFO (Smith et al., 2008).
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If the hydrolysis molecules did not come close to the phosphate ion, the reaction will be continuous
with the water molecules combining with iron cations and forming iron oxides, which include
amorphous or crystalline oxides, such as oxides (e.g., goethite), oxyhydroxides (e.g., HFO), and
hydroxides (e.g., Ferrous, and ferric hydroxides) (Cornell and Schwertmann, 2003). These compounds
are composed mainly of Fe with O or/ and OH (Cornell and Schwertmann, 2003). HFO is a reddish-brown
oxyhydroxide that can precipitate by the addition of acidic ferric salts to alkali water (Cornell and
Schwertmann, 2003) HFO has an amorphous structure that turns into a more stable compound with
time (Cornell et al., 1992). Iron oxides adsorb orthophosphates by replacing the hydroxyl group on the
surface of the iron oxide with an oxygen atom of the orthophosphate ion. This bond could be formed
directly between the orthophosphate and the iron oxide surface without water molecules between
them, forming an innersphere complex (Wilfert et al., 2015). Innersphere complexes may consist of a
bonded phosphate molecule through one or two oxygen atoms with one or two iron atoms, forming
mononuclear monodentate, mononuclear bidentate, and binuclear bidentate (Wilfert et al., 2015).
Compared to the bidentate complexes, the monodentate complexes have less stable structures which
make it easier to release PO4 from the monodentate (Abdala et al., 2015). The reactions below illustrate
PO43-/HFO surface complexation reactions (Equations 1-3) (Dzombak & Morel, 1991).
+
≡ FeOH + PO3−
4 + 3H ⇌ ≡ FeH2 PO4 + H2 O

(1)

+
≡ FeOH + PO3−
4 + 2H ⇌ ≡ FeHPO4 + H2 O

(2)

2−
+
≡ FeOH + PO3−
4 + H ⇌ ≡ FePO4 + H2 O

(3)

The chemistry of phosphorus precipitation using Al(III) is similar to that of Fe(III) (WEF, 2011).
Adding metal to the water produces mineral hydroxides (e.g., Al(OH)3) that form hydrated forms and
produce a solid amorphous complex (WEF, 2011). The structure of this precipitate will be different over
time (WEF, 2011). The amorphous product with a large surface area can react faster than the more
8

crystalline precipitate (Omoike & Vanloon, 1999). It was found that the range and rate of hydrolytic
procedures are affected by Al/OH molar ratio, temperature, base addition rate, the presence of various
anions, and the aging time of solutions (Omoike & Vanloon, 1999).

1.5 Factors Affecting P Chemical Removal
The efficiency of phosphorus removal is guided by numerous factors, which are pH, metal dose,
metal type, primary and residual phosphate concentration, mixing intensity, floc age, and organic
content (Szabo et al., 2008).
In chemically mediated phosphorus removal, precipitate formation is largely affected by pH (Maurer
& Boller, 1999). Although the pH levels in the wastewater treatment plant typically vary between 6 and
8 (Burton et al., 2013, as cited in Wilfert et al., 2015); however, in some operations the pH is controlled
to be more or less than the range in order to recover P (Wilfert et al., 2015). The solubility of Al(III) and
Fe(III) is limited at neutral pH due to the precipitation of an amorphous hydroxide, which has an
effective role in the coagulation and flocculation process. It was established that iron and aluminum
presence in the water produced solid FePO4 and AlPO4 at more acidic pH range while at circumneutral
pH iron oxides and hydroxides will be formed (İrdemez et al., 2006). By rising the pH more, the negative
charge accumulates on the iron hydroxides surfaces, and thus the iron hydroxides dissolve (Smith et al.,
2008).
The efficacy of P removal is dependent on hydroxide flocs age (Szabo et al, 2008). The effect of
freshly prepared HFO flocs and aged flocs to remove phosphate from wastewaters was examined by
Smith et al. (2008). They observed that phosphate removal was five times higher using fresh HFO flocs
compared to aged materials. The fresh HFO has an open structure and many available surface sites that
are decreased when HFO becomes older (Smith et al., 2008).
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1.6 Organic Matter
The dissolved organic matter (DOM) is a diverse mixture of organic macromolecules consisting of
different organic building units and functional groups. The organic matter in sewage can be classified
into suspended (particulate) and dissolved (soluble) regarding form and size (Mopper et al., 2007)). The
dissolved organic matter term (DOC) expresses the fraction of organic matter that can pass through a
membrane with a pore size of 0.45 micrometer (Dignac et al. 2000). DOMs are divided into two classes
based on their origin which are i) allochthonous and ii) autochthonous (Al-Reasi et al., 2011). The
allochthonous materials in natural waters consist mainly of humic and fulvic acids, and they are derived
from decaying plant material and then exported into the water. Humic acids have higher molecular
weights than fulvic acids. The molecular weights of humic acids range from 1500 to 5000 g/mol, while
the molecular weights of fulvic acids range between 600 to 2000 gm/mol (McDonald et al., 2004). On
the other hand, the autochthonous materials are produced within the water column by the
decomposition of microbes and algae. The autochthonous materials are more proteinaceous in nature.
In terms of organic matter in wastewater, humic and fulivc acid, as well as protienacious material will be
present, as well as carbohydrates and lipids, where the carbohydrates and lipids will have higher
concentrations compared to surface waters (Jimenez, 2013).
It is necessary to understand the chemical composition of waste water in order to obtain a clearer
understanding of the interactions with organic and inorganic compounds (Roila et al., 1994 from Shon et
al., 2007). Compared with fresh water, treated waste water holds larger concentrations of organic and
inorganic substances (Ilani, Schulz, & Chefetz, 2005). Natural organic matter, NOM, contains a massive
group of monosaccharides, amino and organic acids, proteins, and various other components. The
organic materials in the wastewater form a complex and poor-understood mixture of molecules and
polymers that may be folded linked to fats, proteins, nucleic acids and humic substances. The organic
matter represents about 40 to 60 % of the total solids in the sludge (Wilfert et al., 2015). Studies
10

indicated that 40% - 50% of the entire organic content in the secondary effluent was consisting of humic
substances while the other organic components in the same substance involved extractable ether (fatty
acids, 8.3%), carbohydrates (11%), proteins (22.4%), tannins (1.7%) and anionic surfactants (13.9%)
(Manka & Rehbun, 1971, as cited in Omike et al, 1999). Untreated sewage and primarily treated sewage
contain similar concentrations of DOC, while the concentrations decrease after the second treatment
(Katsoyiannis & Samara, 2007). Although surface waters are dominated by humic-like substances such as
humic and fulvic acids; wastewater is more dominated by protein-like substances, such as tryptophanlike and tyrosine-like, and soluble microbial products (Mohapatra et al., 2021). However, humic
substances (HS) represent a major part of DOM in the majority of phosphorus rich waste water (Foletto
et al., 2013; Zhou et al., 2015). This current work utilized mostly humic- dominated organic matter
sources because of this potential importance of humic substances in waste water, as well as natural
surface waters. In addition, more proteinaceous material from a wastewater effluent was tested (see
details below).
Humic substances attracted attention due to their ubiquity, as well as their relevance to the
chemistry of iron and phosphorus (Wilfert et al., 2015). Humic substances consist of humic acids, fulvic
acids, and humins. Since humic materials are abundant in wastewater treatment plant, they may have a
negative effect of achieving lower levels of phosphorus in effluents (Wilfert et al., 2015). Humic
substances are considered to be natural anionic polyelectrolyte and have no specific structure, and
Figure 3. shows a hypothetical structure of humic acid (Duan & Gregory, 2003). In general, humic
substances contain many oxygen- containing functional groups such as hydroxyl and carbonyl groups.
Humic substances include carboxylic, phenolic, alcoholic, amino, and amido groups, and the existence of
these groups leads to many interactions such as adsorption, ionic exchange, and oxidation/reduction
(Lipczynksa-Kochany, 2008).
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Figure 3: Hypothetical structure of humic acid (Duan & Gregory, 2003). The acidic sites indicated in the diagram above are all
potential binding sites for metal cations relevant to the studies performed here (E.g., Fe3+, Ca2+)

1.6.1

Organic Matter Interactions with Iron

When organic matter interacts with the hydrolyzed coagulated metals, two potential mechanisms
may occur: 1) binding and precipitation, 2) adsorption (Duan & Gregory, 2003). Metal species may be
associated with anionic sites in humic substances and thus neutralize their charge leading to low
solubility as well as metal-humic complex (Duan& Gregory, 2003). Also, humic substances have a
negative charge at pH values above 4 due to the carboxyl group ionization while metal hydroxides have
a positive charge, which leads to adsorption of humic substances on metal hydroxides precipitate (Duan
& Gregory, 2003).
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Metal Surface

OM functional group

Figure 4: Adsorption of OM on metal hydroxide surface. The diagram above explains the surface complexation mechanism via
ligand exchange between the hydroxyl groups on the metal oxide surface and hydroxyl groups from OM.

The hydrolysis of iron and its polymerization could be prevented due to the strong binding between
Fe cations and humic substances (Karlsson et al., 2012). Precipitated Fe species can bind to OM as an
oxide or non-oxide form (see Figure 4 for organic matter binding mechanism at surfaces), but such Fe
species will have different binding sites and different strengths for OM associations (Karlsson et al.,
2012).
Furthermore, humic substance have the potential to reduce the adsorption capacities of phosphate
onto goethite, which is one of the prominent iron oxides in surface waters (Antelo et al., 2007). Omoike
and Vanloon (1999) investigated the interaction between aluminum, organic matter, and phosphorus in
the wastewater treatment process. They stated that the ubiquity of TA (Tannic acid), particularly at high
concentrations, restrained phosphorus removal, as well as Al, orthophosphate, and TA coprecipitation
forms soluble hydroxy-Al-tannate. Borggaard et al (2005) reported that adding humic substances with
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similar concentrations to those of DOC concentrations that are naturally existing in mineral soils has a
limited effect on the amount of phosphate adsorbed by aluminum oxide, ferrihydrite, and goethite as
well as on the bonding strength of adsorbed phosphate. The presence of organic substances at high
concentrations in the wastewater treatment plant may significantly affect Fe and P speciation; and the
role of OM is not entirely clear (Wilfert et al., 2015).

1.7 The Effect of Ca2+ and Mg2+
Calcium (Ca) and magnesium (Mg) are among the most abundant elements in sewage (Printer et al.,
2022). For example, the typical Ca concentrations range from 20-120 mg/l in domestic wastewater
(Arabi& Nakhla, 2008). Multivalent ions in particular Ca2+, Mg2+, Fe3+, and Al3+ can produce binary
complexes with humic acids leading to a competition between them for the same sites. Furthermore,
the presence of these cations enables humic acids to form ternary complexes with anions via cation
bridging (Audette et al. 2020). Audette et al. 2020 found that cations (Ca2+, Mg2+) can provide bridging
and enable binding of phosphate to the organics, creating ternary HA-Ca-P complexes. Negatively
charged organic groups, such as carboxyl and phenol, can react with positively charged iron oxides and
promote anions adsorption via cation bridges (see Figure 5). Since Ca and Mg coexist with NOM and P in
most aquatic systems and in wastewater, they may impact the adsorption of P on HFO surfaces, in both
natural waters as well as waste water.
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Figure 5: Adsorption of phosphorus via cation bridge. This figure shows a potential effect of multivalent cations presence. Ca 2+
and Mg2+ may promote the formation of ternary complexes such as OM-Ca-P which increases P adsorption.

1.8 Phosphorus Recovery
As a manner for beneficial usage and for removing pollutants, the recovery of phosphorus from
sewage has drawn attention (Zhou et al., 2015). Overall, phosphorus is the main component tied to the
eutrophication of lakes and rivers (Momberg et al., 1992, as cited in Wang et al., 2005). Also,
phosphorus is a key ingredient in plant nutrition, where approximately 80% of phosphorus produced is
used in the fertilizer industry (Shu et al., 2006). Currently, phosphorus precipitation from sludge or
leachate is a frequently applied technique for phosphorus recovery (Cieślik et at., 2017). Producing
struvite and calcium phosphate as a recycled compound is one of the possible techniques to assist
phosphorus removal from wastewater (Le Corre et al., 2007, as cited in Parsons et al., 2008). When
comparing to industrial phosphate fertilizers, struvite has reduced metal content and improved purity
and is in fact a slow-release fertilizer. Struvite, (MgNH4PO4•6H2O), is a crystalline compound consisting
of an equimolar combination of magnesium, ammonium, and phosphate (Chakraborty et al., 2017) with
similar molar concentration (Parsons & Smith, 2008). The following reaction (Eq. 4) illustrates struvite
formation reaction.
+
Mg 2+ + NH4+ + H2 PO−
4 + 6 H2 O → MgNH4 PO4 • 6 H2 O + 2 H
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(4)

In fact, 97% of phosphorus could be obtained when it is removed as struvite (Jaffer et al., 2002).
Struvite can be produced quickly by increasing the pH to 9 and adding magnesium no less than 1:1.05
ratio of phosphate : magnesium, where a 1 : 1.3 dose of phosphate : magnesium is advisable (Jaffer et
al., 2002).
Obtaining information about the influence of humic substances is crucial for phosphorus recovery
from wastewater. While struvite precipitation, it perceived that there was simultaneous removal of
DOM on account of a large amount of DOM in phosphorus-rich wastewater (Foletto et al., 2013 as cited
in Zhou et al., 2015).

1.9 Phosphorus and Mineral Interactions in Surface Waters
The same interactions observed in wastewater between phosphate and mineral oxide surfaces (see
above), as well as organic matter, and the potential for bridging Ca2+ and Mg2+ cations (section 1.7), will
occur in non-engineered (natural) systems as well. The chemistry of these elements, ions and molecules
will be the same independent of location, but the ratios, and total concentrations, of the components
will vary in an engineered wastewater system compared to surface waters. As highlighted earlier, there
is the potential for cation bridging to facilitate phosphate binding to iron oxide/organic particles in
surface waters (Audette et al., 2020). Typical reactive transport software such as PHREEQC (Parkhurst et
al., 1995) include surface complexation of cations and inorganic anions to mineral surfaces, such as HFO,
but the competitive effects of organic anion adsorption are not included, and ternary HFO-Organic-Caphosphate complexes are not modelled at all. This current work will address the potential significance of
organic matter competition on extent of phosphate removal from solution and provide some insights to
how the nature of the organic carbon, and background electrolyte (Ca2+, Mg2+) composition, will
influence P partitioning to the solid mineral phase (e.g., HFO).
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1.10

Hypothesis and Objectives

The main objective of this research is to investigate the influence of organic matter on phosphorus
removal from HFO surface using model organic compounds considering different variables including pH,
ionic strength, OM concentration, and composition. As mentioned earlier, phosphorus discharged into
the water column, by sources such as wastewater effluent, can cause eutrophication. Metal salts are
applied during wastewater treatment to strip P from the water, and such processes will also happen in
surface waters with natural iron and aluminum oxide minerals. The complexation between P and metal
salts in the presence of DOM is not widely known. According to the information in the literature, two
hypotheses can be made.
1. The first hypothesis is that DOM may decrease phosphorus removal efficiency onto HFO
surfaces because it is expected that DOM will bind at surface site, and there will be fewer sites
available to complex phosphate (see 1.6.1 above).
2. The other hypothesis is that DOM may increase phosphorus adsorption onto HFO via cation
bridges (1.7).

2. Materials and Methods
2.2 DOM sampling
DOM samples were collected from four different sites: Bannister Lake (BL), Stormwater Pond (SP),
Luther Marsh (LM), and Desjardin Canal (DC). Sample locations were selected to obtain different
compositions of OM with a range between autochthonous and terrigenous origin. Organic matter was
collected using reverse osmosis as detailed in Smith et al. (2021). The four sampling locations are shown
on the map in Figure 6. At each site, the water is pre-filtered using a 1 μm string filter and transferred
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into a clean plastic reservoir for concentration via reverse osmosis. During reverse osmosis sample
collection, the clean water (permeate) was discarded, and the dirty water (concentrate) was
accumulated. In this way the organic matter from approximately 400 L per location was concentrated
into a few litres of concentrated sample. After collection, the NOM-concentrate was treated using ionexchange resins in order to remove most metal cations. Every 4 liters of the dissolved organic matter
concentrate was treated using around 1 to 1.5 L of the prepared resin. Resin was activated (protonated)
by washing with 4N HCl, followed by rinses with deionized water. Finally, the concentrated samples
were stored in HDPE containers in the refrigerator until use.

Figure 6: DOM samples sites (adapted from google map). The red signs refer to the sites (BL=Bannister Lake, SP=Stormwater
Pond, LM=Luther Marsh, and DC=Dundas Canal).
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Table 1: Description of DOM sources used in this study (sites and types). Tannic acid (TA) is a commercial humic substance.

DOM source

Location

Latitude

Longitude

(N)

(W)

Type

DOC mg/L

Bannister Lake (BL)

Cambridge, ON

43.296392

80.380389

Autochthonous

75

Stormwater Pond (SP)

Richmond Hill, ON

43.890075

79.401497

Storm water

124.5

Luther Marsh (LM)

Grand Valley, ON

43.962062

80.399683

Terrigenous

1325

Dundas Canal (DC)

Hamilton, ON

43.268300

79.938842

Sewage-derived

75

Tannic Acid (TA)

-

-

-

Terrigenous

2.3 Tannic Acid
Tannic acid (TA) C76H52O46 (ACS grade, 99.9% pure, Fisher Chemical) was used as another dissolved
organic model compound. TA is somewhat similar to soluble fulvic acid in that it contains aromatics,
saccharide, carboxyl and phenolic hydroxyl groups. It was used as an organic model compound in many
water treatment studies (Julien et al., 1994; Omoike et al., 1999). The structure of TA is shown in Figure
7.

Figure 7: Molecular structure of Tannic acid (Cheng Yang et al, 2015). TA involves a large number of aromatic functional groups,
e.g. phenolic hydroxyl.
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2.4 Synthetic Wastewater
The inorganic components of the synthetic wastewater are taken from Jang et al (2005). It was
consisting of calcium chloride (CaCl2), potassium phosphate monobasic (KH2PO4), magnesium sulfate
(MgSO4), sodium bicarbonate (NaHCO3). The DOM was added to the inorganic components with
different concentrations (0, 5, 10, and 15) mg C/L to test organic matter concentration effects. To test
the effect of Ca2+ and Mg2+ cations on P removal, two more synthetic wastewater recipes were
prepared: 1) with higher concentrations of Ca and Mg and 2) with lower concentrations of Ca and Mg.
Table 1 shows the simulated synthetic wastewater components.

Table 2: components of synthetic wastewater recipes. The first recipe (on the left) was adapted from Jang et al (2005), and it
simulates waste water in the wastewater treatment plant. The other two recipes are similar to the first one, but with a change
in Ca2+ and Mg2+ concentrations to study the effect of ionic strength on the interactions between P, HFO, and DOM.

2.5 Phosphorus Removal Experiments
Two different removal experiments were carried out based on the order of adding the organic
matter. In the first type of test the organic matter was added before the ferric salt, in the second type
of experiment the organic matter concentrate was added after. Ferric salt (140 mg/L Fe3+) was used as a
coagulant in all experiments. The first type of removal experiment was performed by preparing 1L of
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synthetic wastewater (Table 2) containing (i) organic matter, (ii) phosphorus, (iii) and then by adding
FeCl3 and manually adjusting the pH using dilute NaOH or HCl to 6 or 8 based on the experimental
target. The second type of experiment was performed by generating HFO first by (i) adding FeCl3 to the
inorganic synthetic wastewater, (ii) fixing the pH to 6 or 8, (iii) adding the organic matter with fixing the
pH to 6 or 8, and finally (iv) adding the phosphorus. In most cases a molar ratio Fe/P was set to 1.5. Few
removal experiments were performed using a lower concentration of P (12.5 mg/l). According to Szabo
et al., 2008, a high mixing rate should be utilized in removal experiments. Here we utilized around 300
rpm with a magnetic stir plate. To ensure well mixed samples during subsampling, the solutions were
stirred for 10 minutes in each experiment. Under constant mixing intensity, samples of 20 mL were
taken into separate 50 mL falcon tubes. To obtain the liquid fraction, the samples were centrifuged to
separate the solid sludge from the solution. The supernatant was filtered using 0.45 µm membrane
syringe filters and transferred into separate 15 mL falcon tubes, while the precipitated sludge was
digested by adding 20 mL of 10% nitric acid HNO3. The concentrations of P and C were measured in both
the digested sludge sample as well as the filtered samples to calculate percent removal. The percent
removal was calculated using the following equation:

% 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (

𝐸0
) ⋅ 100
𝐸𝑖𝑛𝑖

(5)

Where E0 is the concentration of element in the sludge and Eini is the initial concentration of the
element.

2.6 Phosphorus Recovery Experiments
The phosphorus recovery (solublization) experiments were conducted by taking equal volume
samples (20 mL) from the prepared sludge. The samples were transferred into 50 mL centrifuge tubes
(falcon brand) and then centrifuged. The soluble phase from the centrifuged samples was decanted,
and 20 mL of SWW (see Table 1) was added. The pH of the samples was adjusted to 10 using NaOH. The
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samples were taken to the shaker and filtered by 0.45 µm membrane filter at various times (0.5, 2, and 8
hr) to investigate the effects of the contact time. The concentrations of P were measured via ICP (see
section 2.7.1) in order to calculate the recovery percentage as shown in equation (6):

% 𝑃 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = (

𝑃
) ⋅ 100
𝑃𝑖𝑛𝑖

(6)

Where (P/Pini) is the concentration of phosphorus in the filtered samples (P) divided by the initial
concentration of P (Pini).

2.7 Chemical Analysis
2.7.1

ICP-OES measurements

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (PerkinElmer Optima 7300 DV,
Waltham, MA, USA) was used to measure the concentrations of P. Phosphorus was measured in axial
mode at a wavelength of 213.617. The flow rate of the sample pump was set to 2 mL/min, argon was
used as the plasma and auxiliary gas, set to 15 and 0.5 L/min, respectively. The viewing height was set to
15 mm above induction. The ICP standard solutions were prepared using 1000 mg/l of P stock solution
and 2% HNO3 was used as a blank. All the samples (solutions) were prepared using deionized water MilliQ® (Millipore Corporation) with a resistivity of 18.2 MΩ or lower. All samples were acidified with 2%
nitric acid prior to analysis.

2.7.2

TOC measurements

Shimadzu TOC-LCPH Total Organic Carbon and Nitrogen Analyzer was used to measure the total
organic carbon in DOM concentrates. For each OM concentrate, several dilutions have prepared to
check the C concentrations. The standard solutions for the TOC were prepared using 1000 mg/L of C
stock solution that was prepared using oven dried potassium hydrogen phthalate (KHP) and 18.2 MΩ
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deionized water Milli-Q® (Millipore Corporation). Prior to carbon analysis the samples were
automatically purged by addition of concentrated hydrochloric acid to purge the inorganic carbon.

2.7.3

Fluorescence measurements

The fluorescence spectroscopy was used to measure the DOC in the residual part and to
characterize the molecular nature of the DOM. The fluorescence scans were done at excitation
wavelengths of 200–600 nm and emission wavelengths of 280–600 nm in a 1 cm quartz cuvette. All the
DOM samples solutions were adjusted to pH 7. Before using the cuvette, it was rinsed with 5% HNO3
solution followed by deionized water, and then the cuvette was rinsed several times with the sample of
the DOM prior to measurement. Matlab scripts were used to process the data and produce 3D contour
maps. Moreover, the fluorescence spectroscopy was used to estimate bound C by measuring the DOC in
the residual part of the synthetic sludge. For each DOM source, a calibration curve was prepared. All the
DOM calibration curve solutions were diluted using deionized water, and they were adjusted to pH 7.
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3. Results and Discussion
3.1 DOC characteristics
3.1.1

Fluorescent Measurements
Fluorescence analysis was used to verify the nature of the DOM for each source. Figure 8

demonstrates the excitation emission (EEM) spectra of the collected DOM samples. The spectra can
show the four fluorescence components (humic-like, fulvic-like, tryptophan-like, and tyrosine-like).
Excitation wavelengths ranging from 200 to 250 nm represent proteinaceous materials at emission
wavelengths of 350 nm for tryptophan-like and 300 nm for tyrosine-like (Al-Reasi et al., 2011). As for the
excitation wavelengths that range from 250 to 350 nm, they represent fulvic-like at the emission
wavelength of 410 nm and humic-like at the emission wavelength of 475nm (Al-Reasi et al., 2011). LM
content is mostly consisting of terrigenous (allochthonous) materials (see Figure 8A). SW sample (Figure
8B) shows a mix of both allochthonous (fulvic-like and humic-like) and autochthonous (tryptophan-like)
materials. Similar to SW, BL is formed from allochthonous and autochthonous contents (Al-Reasi et al.,
2011). DC sample is derived from a sewage effluent, and it is largely composed of proteinaceous
material. Fluorescence spectroscopy is a molecular method; since the EEM are different, the fluorescent
organic molecules in each source are different, with LM being the most terrigenous and almost
exclusively humic acid (Al-Reasi, 2011) and the other samples (BL and SP) showing a range of
compositions, finally DC is the most proteinaceous of the DOM sources.
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Figure 8: The excitation-emission (EEM) spectra of the collected DOM samples (A = LM, B = SP, and C = DC). For scanning, 5 mg/L
C solution of each DOM sample was prepared with fixed pH (~7).

The percentage of the four fluorescent components of some of the DOM sources used in this
study was measured in previous studies. Table 3 shows the relative abundance of the four fluorescent
components, the dissolved organic nitrogen (DON), and proton binding index (PBI) for LM, BL, and DC.
Unlike DOM sources with an autochthonous nature, the DOM sources of a terrestrial nature (e.g., LM)
comprise high levels of humic acid and lower levels of fulvic acid, tryptophan, and tyrosine (Cimprich,
2017; Al-Reasi et al., 2011). Cimprich (2017) measured the DON for LM and BL (see table 3). Both
sources contained positive values; however, these values included high experimental errors.
Furthermore, PBI values for LM and BL were measured by previous studies (Al-Reasi et al., 2013;
Cimprich, 2017). In general, PBI values are vary between 0 to 1 where higher PBI values can form
stronger complexes. According to Al-Reasi et al (2013) Based on PBI values, both of BL and LM can highly
form strong tridentate complexes.
Table 3: Relative abundance of the DOM components (humic acid, fulvic acid, tyrosine, and tryptophan) for some of the DOM
sources used during this study. The measurements in the table were conducted by former studies.

DOM

Relative abundance of the DOM

DON (μgN/

Source

components

mgC)

LM

% HA

% FA

% Tyr

% Trp

82.11

13.32

2.58

2.00

18.50±26.16

PBI

0.72±0.02

Reference

Cimprich
(2017)

LM

95.00-

5.00-9.7

0.00

>1.00

84.7

26

0.45

(Al-Reasi et
al., 2011;
Al-Reasi et
al., 2013)

BL

66.04

19.90

7.07

7.00

15.84±19.13

0.33±0.29

Cimprich
(2017)

BL

~50

~32

~15

~3

DC

~75.00

~7.00

~7.00

~11.00

3.1.2

0.3

Al-Reasi et
al., 2011 ;
Al-Reasi et
al., 2013).
(Al-Reasi et
al., 2011)

DOC measurement
The concentration of each DOM concentrate was measured. The DOC concentrations were as

follow: (1325 mg C/L) for LM, (240 mg C/L) for BL, (75 mg C/L) for DC, and (124.5 mg C/L) for SW.

3.2

The Effect of DOC on %P Removal
A set of experiments were conducted to remove phosphorus from freshly prepared sludge with

a molar ratio of 1.5 Fe/P, which contains various concentrations from different sources of dissolved
organic matter, to determine the effect of DOC, concentration and source, on the efficiency of
phosphorus removal. During these experiments, the synthetic sludge was prepared using 3 different
compositions of SWW that vary in calcium and magnesium concentrations to find the effect of Ca 2+ and
Mg2+ ions on the P removal. The pH for this group of experiments was ~ 6. Figure 9 (A, B, C, D, and E)
shows the percent phosphorus removal in the presence of the different DOM sources. In each source,
several concentrations of DOC were used (0, 5, 15, and 30 mg C/L).
As shown in Figure 9A and Figure 9B, the effect of LM and TA was similar on % P removal, and
the effect of DOM is almost insignificant in the presence of these two organic model compounds. For all
conditions tested greater than 85% of the phosphorus was removed, with an increasing slope in removal
as the divalent cation concentration was increased. The percent removal increased by 5% for TA and by
10% for LM going from lowest to highest cation concentrations. This observation is consistent with the
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proposal of Audette et al (2020) of ternary complex formation via cation bridging. The effect of these
cations appears even in the absence of the DOM, whereby phosphate absorption was improved in the
presence of higher concentrations of Ca2+ and Mg2+. This could be due to the formation of ternary
complexes between Fe oxide surface, binding cations and those cations binding phosphate. HFO
surfaces are able to bind both cations and anions (Dzombak and Morel, 1991).
It is not surprising that TA and LM behave similarly, both have similar structures in terms of
their oxygen functional groups and aromaticity. The LM samples do show a slight dependence on DOC
at the highest treatment, where the confidence intervals do not overlap for the different DOC
experiments. In Figure 9B, LM shows a slight decrease in P removal (% P removal was 86) when Ca2+ and
Mg2+ ions are low in the presence of 30 mg C/L compared to 88 % in the absence of DOC at the same
ionic strength. This result is consistent with the hypothesis that there is competition between PO43species and DOM for binding sites on the surface of the HFO. Organic acids, mostly found as anions in
the water (Afridi et al., 2019), can compete with P for adsorption sites, which reduces the adsorption of
P (Fink et al., 2016; Afridi et al., 2019).
On the other hand, the other sources of DOM (as seen in Figures 9 C, D, and E) affected the % P
removal differently than the previous sources. The removals were still consistently high (greater than
85%), and except for high DOC samples with near 100% removal, the removal of P still increased as the
cations concentration of the samples increased. The DOC enhances the % P removal to ~ 99% at 30 mg
C/L, especially for low Ca and Mg concentrations. One possible explanation could be that these
autochthonous and/or sewage-derived sources are more proteinaceous (see FEEM data Figure 8). It was
demonstrated that approximately half of all known proteins interact with phosphate groups (Parca et
al., 2011). This organic matter includes more nitrogen sites which could have a positive charge and
attract the negative phosphate. Audette et al. (2017) reported that phosphorus may adsorb directly
into DOM that contains more amino acids via their amine groups.
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Figure 9: % P removal Vs different levels of ionic strength (Different Mg2+ Concentrations (mg/L)). Each set of experiments
contained one DOM source (A= TA, B= LM, C=BL, D=SP, and E=DC). Experiments performed under high ionic strength contained
higher concentrations of Ca2+ and Mg2+, while those performed under low ionic strength were prepared with sodium salts
instead of Ca and Mg salts.

To obtain more information about the effect of DOC on P removal, the removal of C was
calculated for LM and DC samples from the previous removal experiments. Figures 10A and 10B
demonstrate the fraction of C bound to the HFO surface during the P removal experiments in the
presence of different concentrations of OM (LM and DC) at 3 ionic strengths. Carbon was measured
using fluorescence spectroscopy (Section 2.7.3). Figure 10A shows higher C bonded to the HFO surface
(~14.5 mg/l C) in LM when the total C concentration was 30 mg/L, compared to ~ 10 mg C/L bonded to
the surface for DC (Figure 10B) under similar conditions. This result indicates that LM interacts with the
HFO surface more than DC. Moreover, since C can bind to the HFO surface, C could be competing with
PO43- for the binding sites and reduce P removal. The competition between NOM and phosphate at
metal oxide sites has been reported in many studies (Gu et al., 1994; Cui et al., 2014).
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The adsorption of the DOM on HFO surfaces may occur through various mechanisms, such as
surface complexation via ligand exchange, anion exchange (electrostatic interaction), cation bridging,
and hydrogen bonding. However, surface complexation via ligand exchange is the most favorable
mechanism (Gu et al., 1994; Cui et al., 2014). Furthermore, it is known that humic and fulvic acid
functional groups such as carboxyl, benzoic, and phenolic groups are capable of producing very stable
complexes with hydroxy metal cations (Gu et al., 1994).
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Figure 10: Fraction C bounded to HFO surface during P removal experiments in the presence of different concentrations of (A)
LM and (B) DC at different ionic strength. The dashed line is 1:1 line.

3.3 The Effect of Different Order of HFO Formation.
In the experiments so far (Sections 3.1 to 3.2) there is only modest competition between the organic
matter and the phosphate, even though organic matter binding to the surface is clearly demonstrated.
This could be because in the experiments detailed in sections 3.1 and 3.2, the phosphate and organic
matter were available to all the surfaces as the HFO formed, leading to a much larger total number of
binding sites. This excess of available sites would decrease the potential for competitive interactions.
The Active Surface Factor (ASF) demonstrated in Smith et al. (2008) was approximately 3 times lower for
pre-formed HFO compared to HFO generated in situ with the phosphate sorbate present during particle
formation. As a method to test for the maximum potential competition between organic matter and
phosphate for HFO surface binding sites, the organic matter was equilibrated with pre-formed HFO
surfaces prior to addition of phosphate. Figure 11 shows a comparison of % P removal by 1) fresh preformed HFO and 2) HFO particles formed in the presence of phosphate and organic matter. All the
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experiments were conducted with 30 mg C/L (LM in Figure 11A & SW in Figure 11B) and at fixed pH
(pH~6), as well as a constant molar ratio of Fe to P (1.5).
As reflected in the figures, less P was removed from preformed surfaces. These results are not
surprising and are consistent with what was mentioned by Smith et al (2008). At pH higher than 5, P is
removed via 2 mechanisms which are 1) P adsorption onto preformed HFO and 2) co-precipitation of
phosphate into the HFO (Smith et al., 2008). The second mechanism needs the presence of phosphate
during HFO formation. When HFO is formed in the absence of phosphate, the internal binding sites will
not be available for binding (Smith et al, 2008). Less available surface site, therefore, results in less
removal. The influence of ionic strength was very modest for pre-formed or in situ HFO formation
experiments, with a very slight increase in removal of phosphate at the higher cationic concentrations.
Furthermore, to see the effect of different orders of HFO Formation, the C removal was calculated
as well. Figure 12 shows the amount of C bound into the fresh preformed HFO and into the formed HFO
in the presence of phosphate and organic matter (in situ) at 2 ionic strengths. Like P removal, this figure
shows less C was removed as well with preformed HFO. Approximately, around 50% of C removal
decreased when C was not exposed during HFO formation.
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Figure 11: comparison of % P removal by 1) fresh preformed HFO (red line) and 2) HFO particles formed in the presence of
phosphate and organic matter (blue line). The DOM sources used during these tests were LM in Figure 11A and SP in Figure 11B.

Figure 12: %C removal into fresh preformed HFO and into formed HFO in the presence of phosphate and DOM (in situ) at 2 ionic
strengths. The initial C concentrations were 30 mg/L C using LM.
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3.4 The Effect of pH
pH is one of the most important factors that impact the P removal efficiency (Smith et al., 2008).
Therefore, a batch of removal experiments were done under different pH values (pH 6 and 8) in the
presence of DOM. The effect of pH on P removal and C removal in the presence of 30 mg/L C were
shown in both Figure 13 and 14, respectively. LM (Figure 13A) and SW (Figure 13B) were used during
these experiments as sources of OM. The results indicate that as pH increased from 6 to 8, the % P
removal decreased from ~ 86% to 72% for LM at low ionic strength, and from ~99% to 82% for SW at the
same ionic strength. Szabo et al (2008) reported that the highest P removal occurs between pH 5.5 and
7. Changes in pH can influence iron mineral properties (e.g., surface charge) and the dissociation of P
functional groups (Wilfert et al., 2015; Ajmal et al., 2018). When the pH is higher than PZC, the negative
charges accumulate on the surface of the metal leading to an electrostatic repulsion and thus to PO4
adsorption decrease (Ajmal et al., 2018). Moreover, by increasing the pH, a strong competition occurs
between P species and hydroxyl ions resulting in P release (Ajmal et al., 2018).
At higher ionic strength, P removal was still higher at pH 6, however; the difference in the
percentage of P removal between pH6 and pH8 was sharply decreased. Unlike SW, the effect of the
presence of Ca and Mg was observed earlier in the previous experiments at pH6 for LM (See section
3.1). SW shows a trend at pH 8 with high ionic strength. SW samples have more N sites (i.e., amine
groups), and at pH8 (the pKa values of amine are around 9) these sites started to be neutralized and act
like deprotonated carboxylic like terrestrial (humic, fulvic) organic matter.
Figure 14 illustrates the effect of pH on fraction C removal. As can be seen from the figure, the C
removal was observed to be slightly higher at the pH value of 6. The effect of pH on NOM removal via
metal oxide coagulation was reported by many studies. Zanki et al 2020 reported that decreasing the pH
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to 4 or increasing it to more than 7 will result in lower NOM removal due to the transformation in the
chemical structure of the produced metal oxides.

Figure 13: % P removal at pH 6 and pH 8 in the presence of 30 mg/l C (A) LM and (B) SP at different ionic strength.
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Figure 14: % C removal into HFO surface at pH 6 and pH 8 in the presence of 30 mg/L C LM.

PHREEQC software was used to assess the equilibrium chemical species in the solution and the
surface. The LLNL database distributed with PHREEQC was used for the modeling. The input data
included the maximum total concentrations of Ca, Mg, Fe, and P (Ca Total= 0.000204 mol/L, Mg Total=
0.0003895 mol/L, Fe Total= 0.002428, P Total=0.001613 mol/L, inorganic C Total= 0.003571 mol/L). The
results show that PHREEQC does not predict any precipitation of (such as Ca-P or Mg-P minerals) except
hydrous ferric oxide (HFO). The only solid-phase phosphorus predicted was surface complexes of
phosphate onto the HFO surface.

3.5 The Effect of Molar Ratio

More similar removal tests were conducted but using fewer dose of P. The goal of this batch is to
investigate if C would out-compete P for the available sites on the HFO surface when there was less P
available. Compared to the previous removal batch, 25% of total P was used during these experiments.
Figure 15 shows a comparison of the fraction C bound to the HFO surface between i) previous P removal
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experiments with a molar ratio of 1.5 Fe/P (50mg/L P) and ii) P removal experiments using less P (12.5
mg/L P). As was expected, higher C removal is achieved in the presence of lower dose of P. The % C
removal was almost 90 % in the less dose of P experiment compared to 50% in the higher dose
experiment. On the other hand, the % P was totally removed by reducing the P concentrations in the
SWW (Figure 16) which proves that higher C to P rate does not affect the P removal.

Figure 15: a comparison of the % C removal into HFO surface between i) previous P removal experiments with an initial P
concentrations =50 mg/L and ii) P removal experiments using less initial P concentrations (12.5 mg/L).

Figure 16: % P removal into HFO sludge when using less initial P concentrations (12 mg/L P).
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4.0 Conclusions
The main goals of this research study were to obtain a better understanding of the role of DOM
on PO4 interactions with HFO and to investigate the effect of multiple ionic strengths on the interactions
between P and HFO in the presence of the DOM.
Based on the results presented in this study, DOM can have an inhibitory or stimulating effect
on the binding of PO43- to the HFO surface. The different behavior of the DOM model compounds on the
reactions between P and HFO is due to the different compositions of these compounds. The DOM
samples that contained more proteinaceous materials show a possible direct binding of PO43- to the DOC
and thus enhanced the P removal. In contrast, DOM sources that are composed mostly of humic
substances show a slight decrease in P removal which means they may be more likely to compete with
PO43- for the available binding site on HFO.
Also, the influence of the presence of different multivalent cations concentrations (Ca, Mg) on P
removal was studied. The results indicated a possibility of cation bridge formation between DOM and
PO43- on the HFO surface. Moreover, the results show a potential formation of ternary complexes
between Fe oxide surface, PO43-, and Ca2+ or Mg2+ in the absence of DOM leading to better P removal.
Lastly, the % P removal and the % C removal were measured as a function of pH and Fe: P molar
ratio. At pH 6, both P and C show higher percent removal compared to pH8. Moreover, the data show
that higher C to P rate does not impact the P removal.

5.0 Future Work
This project contains good data as a starting point and needs to be developed in many ways:
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1- It would be beneficial to develop geochemical modeling that describes i) the role of DOM on
PO43- and HFO surface complexations, as well as ii) the formation of DOM-Ca-PO4 ternary complexes. In
addition to laboratory experiments, geochemical modeling can provide better understanding behavior
of DOM in wastewater and surface water.
2- Also, more experiments need to be conducted on the effect of DOM on PO43- release from the
HFO surface.
3- More characterization of NOM sources is needed such as finding the concentrations of HA,
FA, Try, and Tyr, as well as DON and PBI.
4- There is a need to measure the concentrations of Ca, Mg, P, and Fe in a repeated experiment.
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Appendices
A1. An Example of Matlab Script to Produce EEMs Plot Contour:
function II=example_Alaa
name=mfilename;
figure(1); clf
scatterfactor=0.02;
[F,em,ex]=Fdata(scatterfactor); [Fr,emr]=resample(F,em);
makecontourplot(F,em,ex)
%h=title('Fluorescence'); set(h,'fontsize',12)
txt=['print ',name,'contour.png -dpng']; eval(txt)
figure(2); clf
makesurfaceplot(F,em,ex)
%h=title('Fluorescence'); set(h,'fontsize',12)
txt=['print ',name,'surf.png -dpng']; eval(txt)
txt=['save ',name]; eval(txt);
end
function [F,em,ex]=Fdata(scatterfactor)
data=[...
-99,
];
[F,em,ex]=Fprocess(data,scatterfactor);
end
function [F,em,ex]=Fprocess(data,fraction)
[N,M]=size(data); c=0;
for i=2:1:M
c=c+1; F(:,c)=data(2:N,i)-min(data(2:N,i));
end
F=F'; ex=data(1,2:M); em=data(2:N,1); [N,M]=size(F);
for i=1:N
for j=1:M
EM=em(j);
EX=ex(i);
if EM>=EX*(1-fraction)
50

if EM<=EX*(1+fraction)
F(i,j)=NaN;
end
end
end
end
for i=1:N
for j=1:M
EM=em(j);
EX=ex(i);
if EM>=(2*EX)*(1-fraction)
if EM<=(2*EX)*(1+fraction)
F(i,j)=NaN;
end
end
end
end
end
function [G,H]=resample(data,em)
% try to resample so things look better
[N,M]=size(data); % M is em points N is ex points.
nm for M

resample every 10

for i=1:N
Fem=data(i,:); c=0;
for j=1:10:M
c=c+1; Femred(c)=Fem(j); emred(c)=em(j);
end
%figure(3); plot(em,Fem,'k',emred,Femred,'ko')
%k=waitforbuttonpress
datare(i,:)=Femred;
end
G=datare;
H=emred;
end
function makesurfaceplot(F,em,ex)
colormap('jet')
h=surf(em,ex,F)
set(gca,'linewidth',2)
view([-26 48])
axis([min(em) max(em) min(ex) max(ex) 0 max(max(F))*1.1])
h=xlabel('Emission (nm)'); set(h,'fontsize',12)
h=ylabel('Excitation (nm)'); set(h,'fontsize',12)
h=zlabel('Intensity (arb.)'); set(h,'fontsize',12)
end
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function makecontourplot(F,em,ex)
colormap('jet')
h=surf(em,ex,F)
shading interp
hold on; [C,h]=contour3(em,ex,F,10,'k'); set(h,'linewidth',2);
set(gca,'linewidth',2)
%axis([250 600 200 450 0 max(max(F))])
axis([min(em) max(em) min(ex) max(ex) 0 max(max(F))])
view([0 90])
% hold on; plot3([250 600],[450 450],[0 0],'k','linewidth',2)
% hold on; plot3([600 600],[220 450],[0 0],'k','linewidth',2)
h=xlabel('Emission (nm)'); set(h,'fontsize',12)
h=ylabel('Excitation (nm)'); set(h,'fontsize',12)
end
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A2. The Effect of DOM on % P Removal:

C concentrations
(mg/L)
0
5
10
30
C concentrations
(mg/L)
0
5
10
30

C concentrations
(mg/L)
0
5
10
30
C concentrations
(mg/L)
0
5
10
30

% P Removal in the presence of Tannic Acid
Mg concentrations (mg/L)
0
2.4
9.5
88.58 %
93.52 %
96.50 %
89.25 %
91.49 %
96.77 %
90.76 %
92.31 %
95.43 %
88.65 %
92.013 %
95.15 %
% P Removal in the presence of Luther Marsh
Mg concentrations (mg/L) LM
0
2.4
9.5
88.58 %
93.52 %
96.50 %
91.40 %
93.39 %
95.13 %
89.68 %
92.63 %
95.92 %
86.03 %
91.86 %
95.85 %

% P Removal in the presence of Bannister Lake
Mg concentrations (mg/L)
0
2.4
9.5
88.58 %
93.52 %
96.50 %
92.33 %
92.98 %
96.43 %
94.44 %
95.49 %
96.83 %
99.32 %
99.34 %
99.23 %
% P Removal in the presence of Stormwater Pond
Mg concentrations (mg/L)
0
2.4
9.5
88.58 %
93.52 %
96.50 %
96.25 %
95.29 %
97.38 %
95.57 %
95.61 %
96.6 %
99.15 %
99.19 %
98.27 %
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C concentrations
(mg/L)
0
5
10
30

% P Removal in the presence of Dundas Canal
Mg concentrations (mg/L)
0
2.4
9.5
88.58 %
93.52 %
96.50 %
99.45 %
98.38 %
98.58 %
99.15 %
99.11 %
98.73 %
98.40 %
95.56 %
98.11 %

Table 4 % P Removal at different ionic strengths (Different Mg2+ Concentrations (mg/L)). Each set of experiments contained one
DOM source (A= TA, B= LM, C=BL, D=SP, and E=DC). Experiments performed under high ionic strength contained higher
concentrations of Ca2+ and Mg2+, while those performed under low ionic strength were prepared with sodium salts instead of
Ca and Mg salts.

Total C

LM

(mg/L)

DC
C bounded to the HFO surface (mg/L)

Low ionic

Medium ionic

High ionic

Low ionic

Medium ionic

High ionic

strength

strength

strength

strength

strength

strength

5

3.05

3.11

3.49

2.88

1.95

2.26

10

4.52

4.93

5.20

4.99

5.00

4.42

30

11.85

14.04

14.51

11.03

7.24

10.11

Table 5: Fraction C bounded to HFO surface during P removal experiments in the presence of different concentrations of DOM
sources LM and Du at different ionic strength.
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% P Removal
Mg Conc (mg/L) in

LM

DC

SWW recipes

Pre-formed

In situ

Pre-formed

In situ

0

25.08 %

86.03 %

31.55 %

99.15 %

9

32.27 %

95.85 %

36.43 %

98.27 %

Table 6: comparison of % P by i) fresh preformed HFO (Pre-formed) and ii) HFO particles formed in the presence of P and DOM
(In situ). Luther Marsh (LM) and Dundas Canal (DC) were used as DOM Model during the tests.

% P Removal
Mg Conc (mg/L) in

LM

SP

SWW recipes

pH6

pH8

pH6

pH8

0

85.93 %

72.44 %

99.15 %

81.95 %

9

95.47 %

93.84 %

98.27 %

96.27 %

Table 7: % P removal at pH 6 and pH 8 in the presence of 30 mg/l C LM and SP at different ionic strength.

% C Removal
Ionic Strength

LM
Pre-formed

In situ

Low

15.21 %

40.75 %

High

28.08 %

54.15 %

Table 8: %C removal into i) fresh preformed HFO and into ii) formed HFO in the presence of phosphate
and DOM (in situ) at 2 ionic strengths. The initial C concentrations were 30 mg/L C using LM.
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% C Removal
Ionic Strength

LM
pH6

pH8

Low

38.88 %

31.14 %

High

48.57 %

37.96 %

Table 9: % C removal into HFO surface at pH 6 and pH 8 in the presence of 30 mg/L C LM.

% C Removal
Ionic Strength

LM
P (12.5 mg/L)

P (50 mg/L)

Low

88.75 %

38.88 %

High

88.92 %

48.57 %

Table 10: a comparison of the % C removal into HFO surface between i) previous P removal experiments with an initial P
concentration =50 mg/L and ii) P removal experiments using less initial P concentrations (12.5 mg/L). LM source was used during
these experiments.
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